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Low-noise, efficient, phase-sensitive optical detection is essential for probing fundamental quantum physics 
and realizing numerous applications ranging from quantum state tomography to coherent telecommunications. 
Stability, bandwidth, efficiency, and signal-to-noise ratio are crucial performance parameters for effective 
detector operation. Here we present a high-speed, low-noise, ultra-stable coherent measurement scheme based 
on balanced homodyne detection ideally suited to characterization of quantum and classical light fields. © 
2011 Optical Society of America 
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Phase-sensitive detection is necessary for many quan- 
tum and classical applications such as quantum state and 
process tomography [IH3] , quantum communications [1] , 
quantum-enhanced reading of a classical memory [5] , and 
ultrasensitive linear optical sampling of hber optical sys- 
tems |Hj . Balanced homodyne detectors (BHDs) measure 
quadratures of a well-dchncd electromagnetic field mode 
with minimal technical noise [7]. Significant effort over 
the past decade has focused on increasing the bandwidth, 
efficiency and signal-to-noise characteristics of BHDs to 
enable coherent detection of pulsed optical modes [SHE] • 
This enables not only significantly increased data ac- 
quisition rates, avoiding experimental drift, but more 
fundamentally it allows time-domain characterization of 
conditionally-prepared quantum states and conditional 
processes [2"M[Tt)] . 

Bandwidth, noise, efficiency, and stability arc the key 
performance properties of a BHD. The detector capabil- 
ity to distinguish individual optical pulses directly im- 
pacts the accuracy of the measured quadratures. Non- 
classical quantum states of light can exhibit quadra- 
ture distributions with fine, non-Gaussian structure |f 5j . 
Excess noise and non-unit efficiency lead to smoothing 
of the measured quadrature distributions |16j . Further- 
more, low-frequency instability results in a shift of the 
detector baseline, corresponding to a drift in the quadra- 
ture origin. This instability significantly impacts the 
ability to measure optical states that are not symmet- 
ric about the origin of the quadrature phase space and 
to discriminate closely separated states in phase shift 
keying protocols [T4"] . 

In this Letter we report a BHD with electronic band- 
width in excess of 80 MHz able to perform shot-noise- 
limited measurements of ultrafast optical field quadra- 
tures. The detector has a 14 dB shot-to-electronic-noise 
ratio. Time-resolved field quadrature measurements of 
an 80 MHz optical pulse train is confirmed by calculat- 
ing the correlation coefficient between adjacent temporal 
modes. The detector stability, assessed by the Allan vari- 



ance [T7], is better than 10 -4 relative added variance for 
quadratures measured 1.25 ms apart, which is over two 
orders of magnitude greater than any reported [51112). 
This stability enables measurement of 100, 000 quadra- 
ture values between calibrations at the laser repetition 
rate. Finally, to demonstrate the detector capability in 
the quantum domain, state reconstructions of vacuum 
and a weak coherent state are presented. 

In balanced homodyne detection a signal field mode 
with unknown state p, to be characterized, is interfered 
with a matched reference mode called the local oscillator 
(LO) on a 50:50 beam splitter. The two output modes 
are detected with square-law detectors. The difference 
photocurrcnt yields a direct measure of the quadrature 
qg for the unknown field, where 9 is the relative optical 
phase of signal and LO [2J. 
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Fig. 1. (Colour online) (a) Electro-optic schematic of 
BHD. (b) BHD circuit schematic. 

A schematic representation of the experimental setup 
is shown in Fig. [1] (a). The LO and signal beams consist 
of 300 fs optical pulse trains (830 nm central wavelength) 
derived from a mode-locked TkSapphire laser oscillator 
(80 MHz repetition rate). The relative phase is moni- 
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tored using a diode laser at 1550 nm (not shown). The 
signal is a coherent state with amplitude controlled us- 
ing calibrated neutral density (ND) filters. The signal 
and LO are combined into a single spatial mode on a po- 
larizing beam splitter (PBS). A half-wave plate (HWP) 
and Wollaston prism (WP) act as a precise 50:50 beam 
splitter (BS), with output modes focused onto two p-i- 
n photodiodcs (Dl(2), Hamamatsu S3883) operating in 
photo-conductive mode. In front of each diode a HWP 
and PBS provide variable loss to compensate for different 
quantum efficiencies. The photodiodes are wired in series 
to produce the difference current which is converted to 
a voltage by a transimpedance amplifier (TIA) and sub- 
sequently amplified with gain G = 36, as depicted in 
Fig. [1] (b). This gives a combined transimpedance gain 
of 36 kV/A. The amplifier stages utilize Texas Instru- 
ments OPA847 operational amplifiers. We use custom 
designed printed circuit boards with top and bottom 
ground planes to minimize spurious signals. The out- 
put voltage signal is digitized by a Tektronix MSO5104 
digital storage oscilloscope (DSO). 

Time-traces from the BHD output for vacuum state 
input are shown in Fig. [2] (a). The full- width half- 
maximum of a single electrical pulse is 5.5 ns, well below 
the laser inter-pulse time separation. The peak value of 
an individual pulse gives a quadrature measurement for 
the signal field. Repeated measurements allow construc- 
tion of the quadrature distribution for the input field 
mode. 

The quadrature noise variance of a BHD for vacuum 
state input is expected to scale linearly in the LO power 
with a constant offset representing the detector elec- 
tronic noise, and second-order deviation due to fluctu- 
ations in the detector balance [14] , The measured de- 
tector noise variance is shown in Fig.[2](b) for a range of 
LO powers, each point is calculated from 40, 000 pulses 
with the signal mode blocked. We recover a linear de- 
pendence confirming the detector is shot-noise limited. 
The signal-to-noise ratio is 14 dB at 4 mW, which rep- 
resents an effective quantum efficiency from electronic 
noise of 0.96 [16]. When combined with the photodiodc 
efficiency, 0.90, this gives an overall detector efficiency 
f?BHD = 0.86. 

The common mode rejection ratio (CMRR) represents 
the detector ability to efficiently subtract amplitude fluc- 
tuations of the two beams incident on the photodiodes. 
This can be determined by measuring the output volt- 
age with the detector balanced and with one photodiodc 
blocked. At the laser repetition rate the CMRR is 63 dB 
with 4 mW LO power. The CMRR is maximized by inde- 
pendently adjusting the photodiode bias voltages (V+(_) 
in Fig. [T](b)) using well-regulated fine-adjust DC power 
supplies and tuning the relative arrival time of the two 
optical modes on each photodiode. 

To assess the photodiode linearity in response to the 
300 fs pulses the photocurrent produced by one diode 
before amplification was measured for varying incident 
optical power. The diodes were found to be linear for av- 




Fig. 2. (a) Time-domain detector output voltage showing 
pulsed shot noise of vacuum, (b) Detector noise variance 
versus local oscillator power: open (filled) squares: with 
electronic noise (subtracted), (c) CC between different 
pulses, (d) parametric plot of 2000 vacuum quadrature 
samples for pulse n and n + 1. 



erage optical intensities of up to 10 mW per diode. This 
confirms the detector linearity in the normal working 
regime of 2 mW per diode. 

To verify the detector can temporally resolve pulses at 
the laser repetition rate, we calculate the correlation co- 
efficient (CC) between subsequent vacuum quadrature 
measurements at 4 mW LO power as shown in Fig. [2] 
(c). 20 data sets each containing 2000 pulses are used to 
evaluate the CC between pulse n and n + m (m = 0...9). 
The uncertainties in each value are given by the stan- 
dard deviation of the CC from the 20 data sets. The 
CC between pulse n and n + 1 is —0.019 ± 0.02, which 
is comparable with other reported BHDs [THE]. This 
demonstrates there is no significant impact on the meas- 
ured quadrature value of pulse n + 1 from that in pulse 
n, also represented by the lack of correlation in the para- 
metric plot, Fig. [2] (d). Hence the detector can be used 
to measure conditionally prepared states. 

In standard operation a BHD is initially calibrated by 
acquiring quadrature measurements of the vacuum be- 
fore sampling the quantum state of interest. This calibra- 
tion enables scaling of the raw detector output voltage 
to units of dimensionless quadrature, and sets the zero of 
the quadrature amplitude. The calibration does not hold 
indefinitely due to low-frequency noise arising from drift 
in the detector balance. The detector stability can be 
characterized by the Allan variance [17] . This statistical 
measure allows the stability of a parameter on different 
timescales to be determined. The detector Allan variance 
shown in Fig. [3]is calculated from 400, 000 vacuum-state 
pulses with 4 mW LO power, representing a 5 ms time 
interval. 

The Allan variance, <J%j(n) decreases as n _1 with in- 
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Fig. 3. Allan variance, <r\ v (n), of BHD output voltage 
for time intervals, n, of 1 to 200,000 pulses for 400,000 
consecutive vacuum input pulses. 
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creasing number of pulses in the average, n, as expected 
for shot noise. The dashed line in Fig. [3] is a fit of the 
predicted n" 1 trend to the data points for n < 10 3 . 
For n = 10 5 , the departure of the measured Allan vari- 
ance from the ideal shot-noise limited case represents an 
added noise variance of only 10~ 5 x o-g, where (Tq is 
the variance of the vacuum marginal distribution, i.e. 
Oq = <r\ v (n = 1). To the best of our knowledge this 
is the highest stability demonstrated for a BHD at this 
repetition rate [9"1IT2"]. In light of these results, to ensure 
the detector is well calibrated we use a chopper wheel to 
modulate the signal on and off at 1 kHz, allowing 1 ms 
windows for calibration and measurement. This rate is 
sufficient based on the Allan deviation results. In princi- 
ple, the calibration time could be reduced using a faster 
switching mechanism, for example a Pockels cell and po- 
larizer. 

To demonstrate the detector capacity in the quantum 
domain, we perform quantum state tomography (QST) 
to reconstruct the density matrix of vacuum and a weak 
coherent state as shown in Fig. |4j Each state was recon- 
structed from 70, 000 measurements with relative phase 
between LO and signal, 9 £ [0,7r). The acquired quadra- 
ture and phase values are inverted using an iterative 
maximum-likelihood algorithm [18j . 

The Wigncr function for the vacuum state shows no 
coherence as expected. The photon number statistics 
give P(0) = 0.996 with negligible higher order terms. 
The reconstructed coherent state has a fidelity of 0.97 
with a pure coherent state of magnitude |a| = 0.85. This 
suggests a combined efficiency for the detector, optics 
and mode-matching of r\ = 0.73. The detector electron- 
ics have an efficiency of ?7bhd = 0.86. The Wollaston 
prism is uncoated and has a transmission of 0.88, indicat- 
ing mode-matching efficiency of rj m = 0.97, which agrees 
with the measured interference visibility of 0.98 ± 0.02. 

In conclusion, we have demonstrated a balanced ho- 
modync detector with high signal-to-noise ratio (14 dB), 
bandwidth (> 80 MHz) and unprecedented stability 
(better than 10~ 4 relative added variance up to 1.25 ms) 
for use in a phase-sensitive detection, enabling shot-noise 
limited quadrature measurements of ultrashort pulsed 
field modes. The detector performance is further demon- 
strated by implementing QST on a coherent state and 
the vacuum. We anticipate this detector will be useful 



Fig. 4. (Colour online) Wigner functions (top) and pho- 
ton number statistics (below) for reconstructed (a) vac- 
uum and (b) coherent state with |a| = 1.00 ± 0.03. 



for a variety of quantum and classical technologies such 
as quantum process tomography and phase-shift keying 
at low light levels. 
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